BACKGROUND-DNA methylation patterns differ among children and adults and play an unambiguous role in several disease processes, particularly cancers. The origin of these differences are inadequately understood, and this is a question of specific relevance to childhood and adult cancer.
Introduction
DNA methylation, along with other epigenetic processes, is widely recognized as an important element of cellular differentiation and gene regulation that is key to normal development. On the other hand, abnormalities in DNA methylation are a fundamental aspect of several newborn syndromes (e.g, Beckwith-Wiedemann, Silver-Russell, PraderWilli, Angelman syndromes) and adult diseases, particularly cancer (Feinberg and Tycko, 2004) . The changes to DNA methylation that are associated with these adverse outcomes are likely to be highly similar across geographic and racial groups. However, the rates of incidence of some epigenetically-influenced diseases, such as cancers, differ among racial groups, and these differences must be explained by different environmental exposures, different responses to the same exposures, or by intrinsic differences in the frequencies of DNA sequence or epigenetic variants. For example, based on national statistics, there are distinct differences in the incidences of some of the most common cancers between AfricanAmericans and Caucasians (Edwards and others, 2005) . Caucasian men and women have higher incidences of lymphoma, leukemia, and cancers of the bladder, brain, thyroid, uterus and ovary, while African-Americans have higher incidences of myeloma, and cancers of the prostate, colon, kidney, stomach, pancreas, and cervix.
In adulthood, there is evidence that various racial groups differ in terms of both their patterns of DNA methylation in healthy tissue and their patterns of change in some cancerous tissues. In a survey of global levels of DNA methylation in normal mononuclear blood cells among women in their 40s (Terry and others, 2008) , statistically significant differences were observed, with African-American women having the lowest level of DNA methylation, Hispanic women the highest, and non-Hispanic Caucasians intermediate. Similarly, in a survey of LINE-1 methylation in normal colonic tissue from males and females with an average age of 57 and a history of adenoma (Figueiredo and others, 2009 ), African-Americans and Caucasians had similar levels of methylation, while Hispanics had slightly higher levels. A survey of DNA methylation in normal prostate tissue from prostate cancer patients revealed higher methylation in African-American men for two genes (TIMP3 and NKX2-5), while five (AR, RARβ2, SPARC, TIMP3, and NKX2-5) of six genes had higher methylation in cancer tissue in African-Americans (Kwabi-Addo and others, 2010).
There is mixed evidence for differences between African-Americans and Caucasians in DNA methylation in cancerous tissues or changes in DNA methylation during the process of oncogenesis, including cancers with distinct racial differences in incidence. Colorectal cancer has a higher incidence and mortality rate in African-Americans than Caucasians, and in a survey of 13 candidate cancer genes three (GPNMB, ICAM5, and CHD5) showed higher levels of methylation in African-Americans than Iranians (Mokarram and others, 2009) . By contrast, prostate cancer has about a two-fold higher incidence in AfricanAmericans, but among eight putative prostate cancer genes, only CD44 showed a statistically suggestive (p = 0.1 for a 1.6-fold higher rate of hypermethylation in AfricanAmericans) difference between African-Americans and Caucasians (Woodson and others, 2004) . On the other hand, increased methylation of the tumor suppressor TMS1/ASC (also called PYCARD) was observed in Caucasian prostate cancer patients relative to benign prostate hypertrophy controls (62.2% vs. 22.7%, respectively), but not in African-Americans patients (66.7% vs. 58.3% in controls; Das and others, 2006) . This suggests that TMS1 methylation levels, generally associated with downregulation of the gene, are lower in noncancerous prostate tissue of Caucasians but in cancerous tissue increase to the level observed in both healthy and cancerous tissues in African-Americans. Incidence of breast cancer is higher overall in Caucasians than African-Americans, but until 50 years of age the incidence is higher among African-Americans and they have the highest overall mortality in all age groups. Although the average later stage of diagnosis in African-American women contributes to this disparity in mortality, they also exhibit additional negative prognostic factors, such as earlier age of diagnosis, estrogen and progesterone receptor negativity (ER−/ PR−), and unique mutations in some oncogenes (e.g., BRCA1 and p53). In a comparison of ER/PR positive and negative invasive ductal carcinomas, levels of methylation were similar for five putative oncogenes in all groups except African-American women less than 50 with ER-/PR-tumors, among whom there was significantly higher methylation of four genes (HIN-1, Twist, Cyclin D2, and RASSF1A, with a marginally significant [p = 0.01] increase for RAR-β) involved in apoptosis and tumor suppression. Furthermore, in a separate survey of methylation levels among 773 cancer-related genes in breast cancer samples, race was significantly associated with cluster membership after hierarchical clustering, indicating unique methylation profiles across races. Finally, Caucasians have statistically higher overall levels of DNA methylation in uninvolved bronchial epithelium and epithelial hyperplasia compared to squamous cell carcinomas (Piyathilake and others, 2003) . The hypomethylation in the Caucasian squamous cell cancers brought the levels of methylation down to those observed for squamous cell carcinomas, uninvolved bronchial epithelium, and epithelial hyperplasia in African-Americans.
In general, a picture is emerging of racially distinguishable patterns of DNA methylation in normal tissue and changes in methylation during oncogenesis. Our goal in this paper was to use a cohort of African-American and Caucasian newborns to determine if the differences in DNA methylation observed in adulthood are also present at birth. While the potential effects of differences between the races in maternal diet or maternal metabolism during pregnancy cannot be excluded, the presence of DNA methylation differences at birth would suggest that those differences observed later in life were not acquired only postnatally but were an initial feature of the epigenome. If so, these DNA methylation differences might affect the expression of adjacent genes and could affect genetic response to physiological and environmental influences. In particular, the presence of differences in DNA methylation among genes involved in oncogenesis at birth may form part of the explanation for later differences in the incidence and rate of mortality of cancers across races.
Material and Methods

Human subjects
Newborns (N = 216) were selected from a larger longitudinal cohort study of human development from pregnancy to age 3, the Conditions Affecting Neurocognitive Development and Learning in Early Childhood Study (CANDLE), being performed in Shelby County, Tennessee. Solicitation for inclusion in the study is via advertising and brochures in local gynecological clinics. Upon contacting study personnel by telephone, potential participants are asked screening questions for eligibility, and eligible women are requested to visit one of two research clinics administered by the study. Out of every 2.5 women screened, one is invited to participate. Of those invited, 92% are participating. Written informed consent was obtained from all mothers, and this study was approved by the institutional review boards of all the participating hospitals. Original selection criteria for this substudy were: maternal age 18-40 years, singleton pregnancy, complete data on birth weight and maternal pre-pregnancy weight, and absence of several complications, specifically sexually-transmitted disease, diabetes, oligohydramnios, preeclampsia, placental abruption, and cervical cerclage. For the purposes of examining racial differences, we further restricted attention to gestational ages of 36-42 weeks and to mother-newborn pairs whose self-declared race was only Caucasian or only African-American (not Asian, Hispanic, Native American, Pacific Islander or multiracial). After applying these additional criteria, the final sample size was N = 201 (Table 1) . Three newborns were excluded based on gestational age and twelve were excluded based on racial data.
Genome-wide measurement of DNA methylation levels
Bisulfite conversion of 750ng of genomic DNA from umbilical cord blood was performed using EZ DNA Methylation reagents (Zymo Research, Orange CA, USA). Samples were then processed according to the manufacturer's specifications and hybridized and scanned on the Humanmethylation27 BeadChip (Illumina Inc., San Diego CA, USA) in batches of 24 samples using the Illumina BeadStation. The Humanmethylation27 BeadChip bears probes for 27,578 specific CpG dinucleotides assigned to 14,495 loci. The level of methylation of each CpG is represented by a beta value, which is calculated as the level of the fluorescence for the probe specific for 5-methylcytosine divided by the fluorescence from the probes for both the methylated and unmethylated C at that position. Consequently, the beta values span the bounded range 0 -1. The Humanmethylation27 BeadChip includes bisulfite conversion control probes targeted at a non-CpG cytosine. The level of fluorescence from the unconverted C is an indication of the efficiency of bisulfite conversion. Across all samples, the intensity of signal from this probe was below 800 fluorescence units and exhibited a similar range within both races (200-800 units). By contrast, the intensity from the probe specific for the converted C was above 2,000 in all samples, with the majority of the signals ranging from 8,000 -30,000 in both races. The uniformly low signal from the unconverted probe and the much higher signals from the probes for the converted C indicated that bisulfite conversion was highly effective in all samples. The range in signal from the probe for converted C suggests variation due to differences in DNA concentration or efficiency of whole genome amplification and/or incorporation of fluorescent probe, while the uniformly low signal for the probe for the unconverted C suggests that comparatively few C's remained unconverted and their signal was independent of DNA concentration or amplification/labeling efficiency.
Statistical analyses
Raw output files from array hybridization experiments were processed using GenomeStudio software (Illumina Inc.) . This software reports detection p values for each CpG interrogated by the array, which are an indication of the ability to distinguish the target sequence from background. Beta values representing the proportion of methylation at each site and the corresponding detection p values were imported into Microsoft SQL Server 2005, where filtering of the data values was performed before statistical analyses. As part of our quality assurance, for each newborn, probes with detection p values ≥ 10 −3 were dropped from that individual. Additionally, one probe with a median detection p value > 10 −6 across newborns was dropped from all individuals. Finally, due to the unique pattern of inheritance of the X chromosome and consistent differences between males and females and between the active and inactive copy of the X, all CpG's on the X chromosome were dropped from analyses. The final data set included data for 26,485 CpG's across all of the autosomes.
Statistical analyses were performed using R version 2.10.1 (R Foundation, Vienna, Austria) and Stata version 10 (Stata Corporation, College Station, TX, USA). Several variables were considered to be potentially associated with differences in DNA methylation levels across CpG dinucleotides. Because the DNA methylation values at many CpGs are not normally distributed across newborns, univariate nonparametric analyses were performed to examine the relation between levels of DNA methylation and each of those variables. Specifically, Spearman rank correlation was calculated for maternal age, gestational age, and parity, while Wilcoxon rank-sum analysis was performed for gender and race. For those variables that exhibited some genomewide significant associations with individual CpG methylation levels (Bonferroni corrected p = 1.89 × 10 −6 based on 26,485 tests per variable), Wilcoxon rank-sum and chi-square analyses were performed to determine if there were significant differences in the distribution of each variable when stratified by a second variable (e.g., significant differences in the ages of mothers between the two races) that could produce false-positive associations in the univariate analyses due to confounding.
Following the univariate analyses of associations with DNA methylation, those variables that exhibited any (univariate) genomewide significant relations were studied further by means of stratified Kruskal-Wallis rank sum tests (Dalgaard, 2005) . In essence, such a stratified test evaluates, e.g., the effect of gender in each of the race strata by a KruskalWallis test and then combines the evidence against the null hypothesis (no effect) across the strata (van Elteren, 1960) . Additionally, each of the three variables exhibiting a significant relation to DNA methylation levels in univariate analyses were simultaneously stratified by the two other variables and the overall significance determined by the above described method. Race and newborn gender were used to stratify analyses into two categories. Maternal age (in years) exhibits 22 unique levels (18 -39), such that individual strata contain zero or very few observations when it is used directly to stratify individuals. Therefore, to avoid a prolific number of strata in relation to the number of cases tertiles of maternal age (18-24, N = 77; 25-29, N = 64; 30-39 , N = 60) were used for stratification.
Association between CpG methylation levels and DNA sequence variation
We found a large number of CpG sites whose methylation significantly differed between the races. However, it has been demonstrated that methylation levels at individual CpG sites can be highly associated with both local (cis) and distant (trans) sequence variation (Gibbs and others, 2010; Zhang and others, 2010) . Likewise, allele frequencies among single nucleotide polymorphisms (SNPs) can differ substantially among populations with different geographic ancestries (Altshuler and others, 2010) . Therefore, it is possible that the racial differences in DNA methylation we observed could be due to differences in the frequencies of SNP alleles or haplotypes between the races that influence CpG methylation levels.
For 179 of the newborns, we have also collected genomewide SNP variation data using the Genome-Wide Human SNP Arrays 5.0 and 6.0 (Affymetrix, Santa Clara CA, USA). Samples were processed according to Affymetrix's protocol and genotypes were called using the BRLMM (5.0 array) and Birdseed (6.0 array) algorithms with default parameters within the Affymetrix Genotyping Console v4.0 application. As an exploratory analysis to determine if our racial differences can be ascribed primarily to SNP allele differences, we selected the top 100 CpGs (according to their p values) associated with race and performed an association analysis of their methylation levels with SNP variation. Using the DNA methylation data as the dependent variable, we included the SNP genotypes, maternal age, gender, and the loadings on the first two principal components calculated based on the genomewide SNP data (to partially adjust for population structure) in a multiple regression model. P values were calculated by comparing the full to reduced (without SNP data) model using the SNP and Variation Suite module of the GoldenHelix v7 software (Golden Helix Inc., Bozeman MT, USA). Attention was restricted to significantly associated SNPs located within 1Mb of the CpG, referred to as local, or cis, SNPs. Even though we restricted attention to SNPs within a ±1 Mb window around the race-associated CpGs, we used a genomewide Bonferroni-corrected p value (5.5 × 10 −8 ) to declare significance based on the 903,861 SNP genotypes called from the Affymetrix 6.0 array. We chose this stringent p value to protect against false positive associations in this analysis of a comparatively small number of individuals. Given the limitations of the sample size, these analyses must be viewed as preliminary.
Identification of enriched pathways and gene ontological terms
The Database for Annotation, Visualization, and Integrated Discovery (DAVID v6.7, Dennis and others, 2003; Huang da and others, 2009 ) was used to identify molecular pathways and gene ontological terms enriched among the 3,297 gene loci (tagged by 3,623 CpGs) achieving genomewide significant association with race when stratified by maternal age and gender. The nonredundant list of genes was provided to the algorithm using Entrez gene ID numbers provided in the annotation of the Illumina array. For identification of enriched ontological terms, we screened the gene list versus the GOTERM_BP_FAT database, which is a custom list of terms designed to filter out the broadest terms so that more specific terms will emerge in the results (http://david.abcc.ncifcrf.gov/forum/cgi-bin/ikonboard.cgi?act=ST;f=3;t=1336). To identify enriched pathways, we searched the gene list versus the KEGG_PATHWAY database.
Default settings were used, and an uncorrected p value threshold of 0.05 was used to declare significant enrichment.
Intersection of CpG probes in genes significantly associated with race and in those characteristic of blood cell types
We used buffy coats from whole blood for this study, and these are composed of a combination of different cell types (e.g., lymphocytes, granulocytes, monocytes). Each of these types of cells, as well as their further subtypes, likely has a unique pattern of DNA methylation across genes. As a consequence, if newborns of different races have consistent, even if slight, differences in the relative proportions of these blood cell types, this could produce patterns of DNA methylation that appear to be related to race, but are in fact due to differences in cell type composition. We have no direct data on the blood cell type composition of our newborns. However, Palmer and others (2006) identified genes whose expression levels are characteristic of B-cells, T-cell subtypes, granulocytes and lymphocytes. To indirectly address the possibility that the patterns we observe are due to race-related differences in blood cell composition, we used the data of Palmer and others (2006) . Our analysis is based on the assumption that the differences in the levels of expression in the blood cell type signature genes are partially due to differences in DNA methylation levels in some of those genes. Using gene symbols, we identified the overlap between the signature genes reported by Palmer and others and the genes targeted by the Illumina methylation array. After eliminating probes (N = 33) in genes present on the X chromosome (no Y-linked probes were observed and we considered only autosomes in the analyses in this article), we identified the subset of probes in the blood cell type signature genes that were also significantly related to race. We then performed chi-square analysis to determine if probes in signature genes are disproportionately represented among the significant race-related probes. If the racial differences in methylation we observed are due primarily to racial differences in blood cell type composition at birth, we would expect to find an over-representation of probes in the cell type signature genes among those showing a significant difference in methylation levels between the races.
Results
Characteristics of the population
There were 107 African-American and 94 Caucasian newborns (Table 1) . Gestational age (median and mean = 39 weeks) and parity (median = 2 for both races, x̄ = 2.1 for AfricanAmericans, x̄ = 1.9 for Caucasians) were similar between the two races. The median age among African-American mothers was 5 years younger than among Caucasian mothers. Although maternal ages among Caucasians are well approximated by a normal distribution in our sample (Shapiro-Wilks test, p > 0.9), this is not true for the ages among AfricanAmerican mothers (p = 0.002) where we observed a high number of younger mothers (39% African-American vs. 7% Caucasian younger than 23 years). This difference is statistically significant (Wilcoxon rank-sum, p < 0.0001) and indicates that maternal age is a potentially important confounder when investigating racial differences in DNA methylation. Although there is a larger proportion of females among Caucasian newborns in this data set, the difference relative to African-American newborns is not statistically significant (Chi-square, p = 0.3). Similarly, there is no statistically significant difference in the maternal age of male versus female newborns (Wilcoxon rank-sum, p > 0.5) in either race stratum. Therefore, newborn gender appears to have relatively low likelihood of being a confounder in analyses of maternal age or race.
Univariate associations with CpG methylation
None of the individual CpGs interrogated on the microarray exhibited a relation to gestational age in the range of 36-41 weeks or with parity at genomewide significance (Supplemental Table 1 ). Among all newborns, 61 autosomal CpGs were significantly associated with newborn gender (Table 2) . When the two races were considered separately, 41 CpGs were associated with gender in Caucasians, while only 6 were associated in African-Americans. Across both races, 38 CpGs were correlated with maternal age, but this result appeared to be due entirely to trends in African-Americans, given that 57 were correlated in African-Americans and none in Caucasians. When the newborn genders were analyzed separately, the methylation levels of none of the CpGs were associated with maternal age. Finally, 4,235 CpGs exhibited significantly different levels of methylation between the two races, with twice as many males (1,808) as females (902) showing this trend when analyzed individually.
Stratified univariate associations with CpG methylation
From univariate analyses, maternal age, newborn gender and race emerged as significant predictors of methylation levels at a subset of CpG sites. However, we wished to evaluate the possibility that associations among these variables could produce spurious false positive results or that trends apparent within unique subsets of the newborns could be obscured in analyses that ignored these distinctions. For example, both race and maternal age exhibited significant associations with individual CpG methylation levels, but the significant difference in the ages of African-American and Caucasian mothers might result in mistakenly attributing a racial difference in DNA methylation levels to an effect related to maternal age. As a way to control for confounders, we therefore analyzed the relation of each of the three variables with CpG methylation levels when stratifying by one or both of the other variables (Table 3) .
When stratifying by either maternal age or race, newborn gender was significantly associated with DNA methylation levels at 66 and 75 CpGs, respectively. When stratifying by both variables simultaneously, gender was associated with methylation levels of 75 CpGs. More importantly, 61 specific CpGs exhibited genomewide significant association of newborn gender with DNA methylation levels regardless of stratification by either one or both of the mentioned variables ( Figure 1A) . Therefore, it appears that newborn gender exhibits a fairly stable association with a small subset of CpGs.
When stratified by newborn gender, tertiles of maternal age are associated with methylation levels of 104 sites. Superficially, this appears in contrast to the Spearman correlation results when the genders were analyzed separately (Table 2 ) and no CpGs were identified for each gender group. In fact, if we apply the Kruskal-Wallis test to the gender strata separately we -in agreement with the Spearman correlation analysis results -fail to identify any significant associations of maternal age with DNA methylation levels (results not shown). Thus, the 104 significant test results might be a consequence of the increased power when simultaneously testing for association in both gender groups. However, the fact that these associations are not statistically significant when stratifying by either race or race and newborn gender jointly introduces the possibility that the statistical significance of the 104 identified CpGs might be driven by a confounding variable, such as race ( Figure 1B) .
In contrast to the analyses of maternal age stratified by newborn gender, when stratification was performed by race, no CpG met genomewide levels of significance, although 57 were significant when Spearman correlation was performed for African-Americans only. Even when computing the Kruskal-Wallis test for the subgroup of African-Armericans, no CpG met the criterion for significance. Recalling that Spearman's rank correlation utilizes maternal age on its original scale, whereas the Kruskal-Wallis test is based on tertiles of maternal age leads us to the conjecture that this apparent difference in test results might be due to the loss of power generally associated with grouping of continuous variables since information is inevitably lost in the process of grouping. In any case, and somewhat speculatively, these results indicate that there might be a weak relation between maternal age and DNA methylation levels at a small subset of CpGs, but that any such relation is restricted to African-Americans. In fact, the correlation between the Spearman rho statistics calculated for the two races is weakly negative (rho = −0.047, p = 2.1 × 10 −14 due to the presence of 26,485 observations), suggesting that the relation between maternal age and DNA methylation tends to be opposite in the two races. However, with the comparatively small number of individuals in the two races, the existence of statistically significant differences in trends with respect to maternal age in the two races remains speculative.
In comparison to newborn gender and maternal age, African-American versus Caucasian racial group exhibits a very strong relation to newborn umbilical cord DNA methylation levels. In the univariate analysis of race (Table 2) , 4,235 CpGs were significantly related to CpG methylation. When stratified by gender in Kruskal-Wallis analysis (Table 3) , a nearly identical number (4,211) were significant, suggesting that newborn gender is not a confounder in the analysis of racial effects and that the trends are similar in the two genders. When stratified by maternal age or by maternal age and newborn gender simultaneously, a slightly smaller number of sites (3,692 and 3,623, respectively) are significantly related to race, but importantly, most (3,181) CpGs remain statistically significant ( Figure 1C ). On the other hand, 925 CpGs only exhibit statistically significant associations of methylation levels with race if the analysis does not utilize stratification by maternal age or newborn gender. In the remainder of this paper, we will focus on the 3,623 CpG sites and their corresponding 3,297 genes that are significantly related to race after stratification by newborn gender and maternal age.
CpG-SNP associations
Of the 100 CpGs most significantly associated with race that we analyzed for association with nearby SNP variation, 7 achieved genomewide significance (p = 2.6 × 10 −8 -4.7 × 10 −13 ; Supplementary Table 1, last column). This proportion of significant CpG -SNP associations (7%) is similar to the proportion of cis associations within 1 Mb observed among 153 human cerebellum samples (8.6%; Zhang and others, 2010) and slightly higher than that observed (4 -5.2%) across four different sections of the brain in 150 individuals (Gibbs and others, 2010) based on the same Illumina array used in this study.
Enriched pathways and ontological terms
Pathways related to cancer (lung, pancreatic, prostate, bladder, and skin) and cellular signaling (calcium, hedgehog, cytokine and MAPK) formed two broad categories significantly enriched among the genes whose methylation levels differed between AfricanAmericans and Caucasians (Table 4, Supplementary Table 2) , while immunologic functions (antigen processing/presentation and NK cell mediated cytotoxicity) formed a minor category. Not surprisingly, given the over-representation of cancer-related pathways, ontological terms related to cellular proliferation (differentiation, proliferation, cell death, apoptosis, migration/motion, and tissue morphogenesis) were highly over-represented (Table 5, Supplementary Table 3) . Additional broad categories included metabolic (phosphorous/phosphate, biosynthesis, nucleic acids, and nitrogen compounds) and endocrine (hormone response and gland development) processes.
Relation between race and newborn DNA methylation in blood cell type signature genes Each type of somatic cell has a unique pattern of DNA methylation across genes that presumably plays a functional role in the regulation of genes required for the proper functioning of that cell. Buffy coat from whole blood is composed of a mixture of different cell types (i.e., granulocytes, monocytes, lymphocytes). Wu and others (2011) have demonstrated that whole blood buffy coat, mononuclear cells and granulocytes differ in their global levels of DNA methylation, with granulocytes being most distinctive. Similarly, Rakyan and other (2010) and Teschendorff and others (2010) have inferred that a subset of the genes whose DNA methylation appears to change with age are the consequence of shifts in the overall composition of white blood cells as one ages. If African-American and Caucasian newborns consistently differ in their relative proportions of individual blood cell types, then those two races would exhibit statistically significant differences in their levels of methylation at the subset of genes whose methylation levels differ among blood cell types. Additionally, the biological state of individual blood cells (e.g., activated versus nonactivated granulocytes) affects their gene expression, and presumably DNA methylation, profiles (Subrahmanyam and others, 2001; Zhang and others, 2004) . If African-American and Caucasian newborns generally differ in the biological status of their white blood cells, such as baseline inflammation levels, this could produce differences in their levels of DNA methylation at a subset of loci.
Of 852 loci with official gene symbols whose expression levels are signatures of blood cell types (Palmer and others, 2006) , we found 658 that were assayed by the Illumina Humanmethylation27 array. These 658 genes are represented by 1,273 CpG probes on the Illumina array, of which 33 were present on the X chromosome and were ignored, leaving a set of 1,240 probes (Supplementary Table 4 ). Of those 1,240 probes, 178 (14.4%) were among the 3,623 (out of 26,485 total probes, or 13.7%) significantly associated with race. Based on chi-square analysis, the difference in these proportions is not significant (chisquare, 1 d.f. = 0.43, p = 0.56). This indicates that DNA methylation probes in genes whose expression levels are signatures of blood cell types are not over-represented. In fact, probes in these cell type signature genes whose levels of methylation significantly differ between the races are found in approximately the proportion we would expect by chance.
Discussion
There is extensive evidence for progressive changes in DNA methylation with age postnatally (Boks and others, 2009; Christensen and others, 2009; Rakyan and others, 2010; Teschendorff and others, 2010) , but it is unknown if these changes are at all reflected in the next generation, particularly given the nearly complete demethylation and remethylation of the maternal and paternal genomes after fertilization. If the age-related changes in DNA methylation observed in somatic tissues are reflected in the germline, this would be expected to result in shifts in the distribution of DNA methylation at individual CpGs in the newborns of older parents. The evidence for such an effect in this cohort is equivocal. Stratified Kruskal-Wallis analyses found no significant association with maternal age when stratification by race was performed. However, maternal age is a continuous variable and the stratified analyses divided the maternal ages into three broad strata and did not fully utilize the maternal age data. When treated as a continuous variable, maternal age was significantly associated with newborn DNA methylation at 57 CpGs only among African-Americans. The validity of this result needs to be verified in an independent multiethnic population.
In this cohort, there is evidence for differences between the genders in the levels of DNA methylation of up to 75 CpGs assigned to 69 autosomal loci. These 75 sites included 9 (C6orf68, TLE1, GLUD1, ALX4, DPPA3, NUPL1, FLJ20582, LRRC2, and FLJ43276) of the 11 autosomal sites found to significantly associate with gender in a previous study of saliva DNA in 197 individuals using the same Illumina array (Liu and others, 2010 ). It appears clear that a small minority of CpGs across the genome exhibit significant differences in methylation between the genders, and this should be taken into consideration in studies of the regulation and expression of these genes.
A surprisingly large proportion (13.7%) of autosomal CpGs analyzed in this study exhibited significant differences in their levels of methylation between African-Americans and Caucasians. Based on analyses of association with SNPs within 1 Mb, about 7% of these CpGs are associated with nearby SNPs, and it is possible that racial differences in the frequencies of these SNP alleles may explain some of the race-related DNA methylation differences. However, the proportion of CpGs associated with nearby SNPs in this racially mixed cohort is similar to that observed (4 -8.6%) in two previous Caucasian cohorts (Gibbs and others, 2010; Zhang and others, 2010) , suggesting that differences in SNP allele frequencies between populations of European and African ancestry are not the predominant cause of the DNA methylation differences we observed. At this time, the underlying reason for racial differences in DNA methylation patterns at birth is unclear, although differences in maternal or fetal metabolism of substrates in the one carbon pathway, transfer of one carbon sources across the placenta, genomic signals for methylation, or diet are possible explanations.
Among the CpGs that exhibit significantly different levels of methylation between AfricanAmericans and Caucasians, the predominant pattern is for lower levels of methylation among African-Americans. Of the 3,623 CpGs reaching genomewide significance, 2,475 (68%) have average levels of methylation 1 -27% lower among African-Americans, while the remainder exhibit either no (1%) or an increased (31%) level of methylation ranging from 1 to 21% (Supplementary Table 5 ). As summarized earlier, there have been few previous studies of differences in methylation levels among races in healthy tissue. However, our results suggest that slight racial differences exist at birth and are consistent with those of Terry and others (2008) who found lower global levels of DNA methylation among healthy middle-aged African-American women relative to Caucasians.
It is striking that cancers dominate the highly represented KEGG pathways (Table 4) , although this can be partially attributed to the fact that the Illumina array is enriched for genes related to oncogenesis. Four (pancreatic, prostate, bladder, and melanoma) of the five types of cancers whose pathways were highly represented also exhibit substantial differences in their incidence rates between African-Americans and Caucasians (Edwards and others, 2005) . A proportion of these differences in rates of incidence undoubtedly can be ascribed to differences in the frequencies of SNP and DNA repeat alleles (Ashktorab and others, 2003; Hunt and others, 2002; Pernick and others, 2003) , behavioral/socioeconomic factors (Siahpush and others, 2010; Surgeon General, 1998) , or skin pigmentation in the case of melanoma. However, as summarized in the introduction, distinct differences in levels of DNA methylation or extents of change in DNA methylation in cancer tissues have been observed between African-Americans and Caucasians among a subset of candidate genes involved in oncogenesis. The 98 genes identified in the top-ranked KEGG category, pathways in cancer, are represented by 116 CpGs with significantly different levels of methylation between the races. Similarly to the race-related CpGs as a whole, 88 (76%) have 1 -9% lower levels of methylation among the African-American newborns, while the remainder have 1 -9% lower levels among Caucasians, suggesting an overall trend towards lower levels of methylation among the African-Americans. Among the cancer-related genes, there were one to six CpGs per gene exhibiting significant differences between the races, including six (four hyper-and two hypomethylated among African-Americans) in the retinoblastoma 1 (RB1) gene. Although at age 15 there is no significant difference in the rate of retinoblastoma between African-Americans and Caucasians (Pendergrass and Davis, 1980) , there does appear to be about a 2.5 fold higher rate of this cancer among AfricanAmerican children up to age 3 (Jensen and Miller, 1971) . Although our observations are based on a small sample size and there is not yet any follow-up data on cancer incidence, these patterns suggest the possibility that the epigenetic precursors to cancer exist at the time of birth.
In summary, we have found evidence of significant differences in levels of DNA methylation between African-American and Caucasian newborns at 13.7% of the autosomal CpG dinucleotides interrogated. At about 2% of autosomal CpGs there are also significant differences in DNA methylation levels between the genders. Although stringent Bonferroniadjusted significance thresholds were employed and adjustment was made for possible confounders, there are additional possible factors that should be considered. This study was based upon results from a single population and a single method of measuring DNA methylation, and replication in another population and with an independent method of measuring methylation should be performed before these results are confidently accepted. Additionally, the underlying functional basis for the observed differences remains unknown. There is the possibility that consistent differences between the two races in umbilical cord blood cell type composition, maternal diet (e.g., availability of methyl donors, folate supplementation), or functional SNP allele frequencies could explain the majority of the differences. We do not have direct measurements of maternal nutrient composition in most of the mothers and have not tested for their influence. However, we do have indirect evidence that blood cell type composition and local SNP patterns appear to explain only a minority of the DNA methylation differences. We observed the same small number of SNP-DNA methylation associations as did previous studies, and CpG probes in the genes whose expression levels are signatures of blood cell types occur among our significant race-related results no more frequently than would be expected by chance.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Venn diagrams summarizing the overlap in genomewide statistically significant CpG methylation differences when (A) newborn gender, (B) maternal age (tertiles), or (C) newborn race are further stratified by an additional one or two variables and analyzed by the Kruskal-Wallis rank sum test as described by van Elteren (1960) . Table 2 Univariate analyses of association with CpG methylation levels. 
